The diffusion of water vapour in the atmospheric air through the elements of the envelope of a cold storage room, caused by the pressure gradient between the external and internal environment is inevitable in most situations. In fact, if the conditions in the interior of an envelope element are such as to enable the vapour freezing of the migrant water, the increase in volume from the formation of ice will causes the deformation of this element with very serious consequences, which can go up to its partial or total destruction. In this scenario, readily note the importance of vapour barriers associated with a properly designed insulation, tend to not only reduce the amount of water diffused, but also prevent the achievement of the conditions for freeze inside the engaging elements. The purpose of this work is to formulate the procedure for design of vapour barriers connected with the design of optimized thermal insulation, and then apply it to a cold chamber located in Portugal. Vapour barriers and the procedure for its design are both mandatory. The required thickness of the vapour barrier is relatively small, and the most appropriate insolation (maintaining the optimal thickness) is the black cork agglomerate.
Introduction


The IIR [1] estimates that there are in operation throughout the world, of about 3,000 million refrigeration systems, which represents about 17% of the electricity used. So, besides the improvement of all equipment's of these systems in order to achieve better efficiencies, there has to be special attention in the envelope of the cold rooms. Therein the heat and water vapour transfer occurs between the inside and the outside environment.
The mechanism underlying strength to the vapour diffusion through the successive layers of materials forming the envelope element is the gradient of partial pressures of the vapour between the outside and inside air, while the temperature gradient causes the energy transfer. The interdependence of temperature and pressure studied in thermodynamics [2] , allow to state that the regions of higher temperatures are also of higher pressures. Therefore, given the interdependence between pressure and temperature, mass and heat transfer processes are intrinsically related and must be analysed simultaneously
The way to avoid/minimize the vapour condensation inside the structure of the envelope, is the placement of vapour barriers in the warmer side of the insulation. There are two types vapour barrier for their ability to prevent vapour migration: total limiting barriers and partial vapour migration. The former is of metallic or plastic type, whereas the latter is in essence of the bituminous type. In this work, only the latter will be analysed.
The aim of this study is to calculate the vapour mass flowrate and heat transfer through the successive elements of the envelope of a cold chamber located in Portugal. Then, with the results obtained, if there is vapour condensation inside the envelope (with all the inherent risks), the appropriate vapour barrier will be analysed and chosen.
Theoretical Formulation
The study of moisture transfer can be done from the D DAVID PUBLISHING Navier-Stokes equation, where it follows the Fick's law, which is the basis for mathematical models of thermodiffusion [3] :
From this equation it is possible to deduce the general equation of vapour diffusion through porous materials, known as Fick's law:
Considering a typical situation, which is a homogeneous non-hygroscopic wall with flat and parallel internal surfaces and without internal flow production, the concentration can be obtained from the Eq. (3):
By making use of the Clayperon equation [4] , for steam, it follows that:
From Eqs. (3) and (4) it follows that:
So, Eq. (2) can then be rewritten as:
Assuming steady state with a constant diffusion coefficient, which is acceptable in most cases of vapor diffusion through the elements of the envelope, Eq. (6) is reduced to:
On the other hand, if the flow through one envelope element is unidirectional, which is an acceptable simplification for the current zones of the element, and assuming that the steam has a perfect gas behaviour (Z = 1) it is finally obtained:
To better understand the applicability of these equations, it is necessary to consider the extreme case of vapour diffusion through a wall in isothermal regime. If the wall is at "T" temperature, there is a thickness "e", and it is subject to an inner partial pressure "p i " and external "p e ". The integration of Eq. (8) determines the distribution law of the partial pressure of the vapour inside the wall. This law is translated by Eq. (9) and is illustrated in Fig. 1a. ( ) ( )
Therefore, in permanent and monodirectional regime, the pressure evolves linearly inside a solid component of the envelope. Note that the saturation pressure of the migrant steam is constant because the temperature does not vary, and has always been considered superior to the partial vapour pressure over the element, which does not always happen.
From this analysis, the Fick's law for porous materials can be written as Eq. (10): dp g dx    (10)
Fig. 1b illustrates this law, which is valid for vapour diffusion conditions stated above.
However, it is not the real equality between the inside and outside temperatures of the envelope, because it is subjected to temperature gradients. In this case, the saturation pressure varies from point to point through the thickness of the element. So there are two situations:
 If the line of partial pressures (p e -p i ) does not intercept the saturation pressure curve (as shown in Fig. 2a ), there will be no condensation in the interior of the element.
 If, however, the two curves intersect (Fig. 2b ), condensation will take place.
Making use of Fick's law [5] it can be determined the amount of water that deposits inside an envelope dp element. Given that the condensate flow is equal to the difference between the input and output flows on the surfaces x 1 and x 2 (see Fig. 2b ), it is obtained: 1 2 x x x x dp dp g dx dx
Generally, the envelope elements of refrigeration chambers are not homogeneous, but rather composed of layers of materials that can be considered homogeneous, each with its conductivity and permeability. 
Defining vapour diffusion resistance of a given material "I", the relationship between the thickness and permeability is:
So, the total resistance of the element envelope to vapour diffusion can then be defined as:
And vapour flow per unit area is determined by:
, ,
As can be seen from Fig. 2 , the saturation pressure of the water vapour varies inside each element of the envelope as a function of the temperature in it. Thus, priority to any calculation, it is necessary to know in each section of the element what the prevailing temperature is. This can be done through the heat transfer analysis of the wall, which is composed of several elements, as shown in Fig. 3 .
The heat transfer trough the wall is given by Refs. [6, 7] :
where the total thermic resistance between the outside and inside environment is:
So, the temperature in each section (x) is:
where:
The knowledge of the values of the temperatures at 
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Fig. 4 Vapour diffusion in a composite element.
the interfaces allow the determination the partial pressure of vapour, which is used in the study of vapour diffusion through the element, as in Fig. 4 .
So, the partial pressure of vapour at the interface 'x' (p x ), is similar to that indicated for the temperature (Eq. (18)) with the expression:
Despite the implementation of good vapour barriers, it is virtually impossible to prevent small quantities of water vapour entering the warm side of the insulation (unless, as stated above, with metal or plastic barriers). It is therefore necessary that the water vapour that passes through the vapour barrier can be spread over the insulation and out of the cold side into the cooling chamber, which eventually will condense in the evaporators. Thus, it is important that the coating of the internal elements (inside the chamber) is very permeable because if it is too tight, the sealing of the vapour barrier must be great enough, in order to avoid, in any event, that more water vapour enters to the isolation than what goes into the cooling chamber.
With the calculated partial pressures of the vapour and, as said, if p sat,Tx ≤ p v,Tx there is no occurrence or non-condensing a given surface. If not, it is necessary to calculate the partial pressures of the element where condensation occurs, and with them the flow of vapour migrates from the outside, and the flow of vapour reaches the interior of the cooling chamber. The difference between them is the condensed vapour flow. In Fig. 2 , suppose that the condensation occurs at the interface "x". So, this vapour is in the saturated state at the surface which means that the pressures are equal:
In this situation, the vapour flow into the element is: 
Heat and Water Vapour Transfer Trough the Envelope of a Cold Chamber
367
The vapour flow that reaches the inner surface of the refrigeration chamber is:
The difference between these vapour flows (Eqs. (22) and (23)) is the vapour that has been condensate:
Application of the Methodology to Cold Chamber in Portugal
The above methodology was tested in a cold chamber located in Portugal. Two models were analysed: one without vapour barrier (Fig. 5a ) and another with vapour barrier (Fig. 5b) . The wall structure model is diagrammed in the same figure, where it is observed of the identification of the construction materials ("1"-"9") and the interfaces between the layers of materials ("a"-"k"). The thermal and hygroscopic properties of these materials are registered in Table 1 .
Models without/with vapour barrier serve the objectives of the analysis. Both models have thermal insulation with a thickness equal to the optimal thickness [2] .
Simulation were done for the three most common types of thermal insulation (ERP rigid polyurethane foam; PLE-expanded polyethylene and black CRT-agglomerated cork) and limiting vapour barriers (bituminous surface-BT, aluminium foil with e > 40 m-AF and polyethylene with e = 100 m-Poly). 
Results
The calculations were carried out using the models described in the previous section as demands corresponding to three different temperatures within the chamber at -10 ºC, -20 ºC and -30 ºC. Regarding the outside temperature, although there were hourly analysed the temperatures for one day of summer and winter, it was only considered here the maximum temperature in summer, 37 ºC, as the critical temperature.
In all simulated models without a vapour barrier it has been found that there is a possibility of condensation (unless a limiting vapour barrier is placed). Fig. 6 shows the temperature decay along the envelope and the evolution of the saturation and partial pressure of the vapour along the wall. These results were obtained when the thermal insulation used was the expanded polyethylene (for others insulations the situation is identical).
As noted, in the interfaces "i-k" the partial pressure of saturated vapour is below the partial pressure, indicating that there is condensation. The vapour flow that is condensed was calculated with the Eq. (24) and indicated in Therefore, the constructive solution using the optimal thickness of insulation is not enough to prevent condensation inside the element, requiring the placement of a limiting vapour barrier to prevent it.
Note that in the analysed situations, it is not possible to avoid condensation using only the variation of the thickness of the thermal insulation because it would be required for unsustainable thickness values (of the order of 3 m in thickness).
Knowing this, the main objective of the hygroscopic analysis is sizing of the vapor barrier in order to prevent this occurrence. Following the procedure described above, the results obtained for the three types of barriers can be seen in Table 2 .
For the temperature inside the chamber equal to -10 °C (for other analysed temperatures the relationship is identical), Fig. 7 shows the magnitude of the thickness of the vapour barriers depending on the type of insulation used. It is clear that the aluminium foil (e > 40 m) requires a substantially  lower thickness when compared with the others, as would be expected due to its lower permeability.
It is possible to arrive at the same conclusion by analyzing Fig. 8 , which shows the evolution of thicknesses for each of the tested vapor barriers, depending on the type of insulation and temperature within the chamber.
In Fig. 8 , it is easily observed that the thinner insulation material for the three temperatures, corresponds to black cork agglomerate, whose optimum thickness is, however, superior to the other two insulating materials (Table 2 ). 
